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ABSTRACT

We present the low-frequency radio spectra of nine high-redshift quasars at 5.6 < z < 6.6 using the Giant Metre Radio Telescope
band-3, -4, and -5 observations (~300—1200 MHz), archival Low Frequency Array (LOFAR; 144 MHz), and Very Large Array (VLA;
1.4 and 3 GHz) data. Five of the quasars in our sample have been discovered recently, representing some of the highest redshift radio
bright quasars known at low frequencies. We model their radio spectra to study their radio emission mechanism and age of the
radio jets by constraining the spectral turnover caused by synchrotron self-absorption (SSA) or free-free absorption (FFA). Besides
J0309+2717, a blazar at z = 6.1, our quasars show no sign of a spectral flattening between 144 MHz and a few gigahertz, indicating
there is no strong SSA or FFA absorption in the observed frequency range. However, we find a wide range of spectral indices between
—1.6 and 0.05, including the discovery of 3 potential ultra-steep spectrum quasars. Using further archival Very Long Baseline Array
data, we confirm that the radio spectral energy distribution of the blazar J0309+2717 likely turns over at a rest-frame frequency of
0.6—2.3 GHz (90-330 MHz observed frame), with a high-frequency break indicative of radiative ageing of the electron population in
the radio lobes. Ultra-low frequency data below 50 MHz are necessary to constrain the absorption mechanism for J0309+2717 and
the turnover frequencies for the other high-z quasars in our sample. A relation between linear radio jet size and turnover frequency
has been established at low redshifts. If this relation were to hold at high redshifts, the limits on the turnover frequency of our sample
suggest the radio jet sizes must be more extended than the typical sizes observed in other radio-bright quasars at similar redshift. To

confirm this, deep radio follow-up observations with high spatial resolution are required.
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1. Introduction

High-redshift (z > 5.6) quasars are useful probes of early super-
massive black hole (SMBH) formation and evolution, as well
as the Epoch of Reionization (EoR), when the Universe changed
from neutral to ionised. Currently, hundreds of quasars have been
discovered at z > 6, with the highest known redshift quasar
at z = 7.6 (Wang et al. 2021). Previous work has shown that
about 10% of the quasars at z > 5 can be classified as radio-
loud (RL; e.g. Banados et al. 2015; Gloudemans et al. 2021),
which is defined as R = fsguz/faapo4 > 10, where fsgu, and

Jaaooa are the flux density at 5GHz and 4400 A rest-frame,
respectively. These RL quasars at z > 5.5 are extremely rare
as only about a dozen objects are known (McGreer et al. 2006;
Willott et al. 2010; Belladitta et al. 2020; Bafiados et al. 2021;
Endsley et al. 2023; Gloudemans et al. 2022). They are highly
interesting objects to study SMBH activity in the early Uni-
verse and can be used to measure the 21-cm absorption line to
directly determine the neutral hydrogen content in the EoR (see
e.g. Carilli et al. 2002; Mack & Wyithe 2012; Ciardi et al. 2015).

Detailed studies of the radio spectra of powerful radio
quasars at high redshifts can help constrain the physical mecha-
nisms by which quasars are triggered and the lifetimes of SMBH
activity through determination of the ages of their radio jets (e.g.
Saxena et al. 2017; Shao et al. 2022). The origin and evolution
of the radio activity of their active galactic nuclei (AGN) and its
impact on the host galaxy via AGN ‘feedback’ are outstanding
problems in the field, and can be studied by observing young and
compact radio sources with their radio lobes situated within the
optical host galaxy.

Radio sources with small projected linear sizes ($20kpc)
and a peak in their broadband radio spectra are classified
as peaked-spectrum (PS) sources, with subclasses of com-
pact steep spectrum (CSS), gigahertz-peaked spectrum (GPS),
and high-frequency peaked (HFP) sources (e.g. Fanti et al.
1990; O’Dea et al. 1991; Dallacasa et al. 2000; Stanghellini et al.
2009a; O’Dea & Saikia 2021). There are two hypotheses for the
small linear size and spectral shape of PS sources: the ‘youth’
hypothesis and the ‘frustration’ hypothesis. The youth hypothe-
sis suggests these PS sources are young radio galaxies that will
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grow into large scale radio-loud AGN while they subsequently
evolve through a HFP, GPS, and CSS phase (e.g. Slob et al. 2022).
The frustration hypothesis suggests PS sources have small linear
sizes because they are situated in dense environments that slow
down the growth of the radio jets. Observations have provided
evidence for both hypothesis by showing a strong connection to
their environment (e.g. Wilkinson et al. 1984; Tingay & de Kool
2003; Stanghellini et al. 2009b; Kunert-Bajraszewska et al. 2010;
Callingham et al. 2015; Saxena et al. 2017) and small double-
lobed structures with a relation between their linear scale and both
radio power and turnover frequency (e.g. O’Dea & Baum 1997,
Snellen et al. 2000; Kunert-Bajraszewska et al. 2010). The phys-
ical origin of the turnover in the spectrum of PS sources could be
due to a free-free absorption (FFA) or synchrotron self-absorption
(SSA) mechanism, or a combination of them.

Most RL quasar discoveries at high-redshift have been
made using radio surveys at high frequencies (1-10GHz;
e.g. McGreer et al. 2006; Bafiados et al. 2015; Belladitta et al.
2020). However, since their radio spectra are redshifted sig-
nificantly towards the low frequency regime at z > 5, obser-
vations at low frequencies are vital to constrain their spec-
tral shapes. The unprecedented area coverage and sensitiv-
ity (in the ~100uJy regime) of the Low Frequency Array
(LOFAR; van Haarlem et al. 2013) now enables the detec-
tion of large numbers of high-z quasars at frequencies of
50-200MHz. Specifically, the LOFAR Two Metre Sky Sur-
vey (LoTSS-DR2; Shimwell et al. 2022) covers 5720 deg” and
reaches such a depth (median noise level ~83 uJy beam™") that
36% of the known quasar population at z > 5 have been
detected at >20 significance (Gloudemans et al. 2021). Further-
more, Gloudemans et al. (2022) utilised this survey, together
with the DESI Legacy Imaging Survey (Dey etal. 2019) to
discover 24 new radio-bright quasars at 4.9 < z < 6.6. The recent
discovery of new high-z quasars allows for detailed investigation
of their radio spectral shapes with the goal of constraining the
ages of the radio jets and radio emission mechanisms.

In this work, we study the low-frequency radio spectra of
a sample of nine quasars at 5.6 < z < 6.6 (5 of which
have been recently discovered by Gloudemans et al. 2022) using
the Giant Metrewave Radio Telescope (GMRT; Swarup 1991)
and archival data from both LOFAR, the Very Large Array
(VLA; Thompson et al. 1980), and Australian SKA Pathfinder
(ASKAP; Johnston et al. 2008). Some previous studies have
investigated the broad-band radio spectra of quasars at high-
redshift. For example, Coppejans et al. (2017) investigated the
radio spectra of 30 quasars at z > 4.5 (including four quasars at
z > 5.6) and found diverse radio spectra, despite certain selection
effects, with 34% classified as PS sources. A study by Shao et al.
(2022) presented the spectral turnover of nine radio-loud quasars
at 5.0 < z < 6.1 and found turnover frequencies between
~1-50 GHz in the rest-frame, thereby classifying them as GPS
and HFP sources. One of the currently highest known red-
shift radio-loud quasar PSO J172.3556+18.7734 or J1129+1846
(hereafter J172+18) at z = 6.8 (Bafiados et al. 2021) has also
been suggested to show a turnover at a few GHz in the rest-
frame by Momjian et al. (2021), with further evidence for a
turnover provided by Gloudemans et al. (2021) with a LOFAR
non-detection. Our sample complements these previous works
as it probes quasars out to higher redshifts and is selected to be
bright at low frequencies, which is the important frequency for
21 cm science, since the 21 cm line is shifted into the megahertz
regime at z > 6. Furthermore, building a statistical sample of
radio spectral measurements of these rare sources will be impor-
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tant to determine the formation and evolution of the first popula-
tion of radio-loud AGN.

This paper is structured as follows. In Sect. 2, we describe the
sample selection, observations, and data reduction process. In
Sect. 3, we outline the different absorption models that we used
to fit our spectra and our modelling procedure. In Sect. 4, we
present the resulting radio spectra of our sample and in Sect. 5
that of the quasar J172+18 at z = 6.8. We constrain the linear
sizes of our sample and compare them to the literature in Sect. 6.
Finally, in Sect. 7 the conclusions are presented. In this paper, we
use the AB magnitude system (Oke & Gunn 1983) and assume a
A-CDM cosmology with Hy=70kms™' Mpc~!, Qy = 0.3, and
QA = 07

2. Observations and data reduction

To constrain the radio spectra of these LOFAR detected high-z
quasars, we utilise GMRT, which operates at six frequency bands
ranging from ~150—-1500 MHz. In this section, we describe our
sample selection, the GMRT observations we have conducted,
and the ancillary radio data used.

2.1. Sample selection

Our sample consists of nine high-z quasars selected from multi-
ple works in the literature (see Table 1) with spectroscopic red-
shifts ranging from 5.6 to 6.6. The majority of our targets (5/9)
were recently discovered in LoTSS by Gloudemans et al. (2022).
The target selection is based on their high low-frequency radio
luminosities and redshifts, as illustrated in Fig. 1, and their visi-
bility with GMRT. The new radio-loud high-z quasars discovered
by Gloudemans et al. (2022) and other works allow for inves-
tigation of the radio spectra of the highest redshift and radio-
brightest quasars to date. The targets are summarised in Table 1.
The two radio-loud quasars around z ~ 6.1 (J14274+3312 and
J1429+5447) have not been included because their radio spec-
tra have been studied already by Shao et al. (2020, 2022). In
their work J1427+3312 shows a turnover around 1.7 GHz rest-
frame and J1429+5447 shows no turnover above ~1 GHz with
a = —0.67f8:8‘3‘. These and other known quasars will be fur-
ther discussed in Sect. 6.2. The radio spectrum of J0309+2717, a
blazar discovered by Belladitta et al. (2020) at z = 6.1, has been
studied in Spingola et al. (2020) using arcsec angular resolution
observations with the Very Large Array (VLA) and milliarcsec
angular resolution with the Very Long Baseline Array (VLBA).
However, together with data from the TIFR GMRT Sky Survey
(TGSS; Intema et al. 2017) at 147 MHz there is still an unex-
plored frequency range between 0.15 and 1.4 GHz, where there
could be a turnover, and therefore we included this source in our
sample.

2.2. uGMRT observations and data reduction

The observations of our sample were conducted using the
upgraded GMRT (uGMRT; see Guptaetal. 2017) in August
2022 (proposal ID 42_037; PI: Gloudemans). All 9 targets were
observed in band 3 (250—500 MHz) and band 4 (550-900 MHz),
and 4 targets that were not detected by other surveys at GHz fre-
quency were also observed in band 5 (1000—1450 MHz). The
details of the observations are summarised in Table 1. Each
observing block started with observing one of the flux den-
sity calibrators (3C48/3C147/3C286) for ~20 min, followed by a
sequence of phase calibrator, target observation, and again phase



Table 1. Details of our quasar sample and the GMRT observations.
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Source name Optical coordinates Redshift Ref. Band Phasecal. Fluxcal. Exp.time Beam size RMS
(J2000) (min) (arcsec?) (mJybeam™")
J0002+2550  00:02:39.39 +25:50:34.96 5.80+0.02 1 3 0040+331 3C48 101 6.5%x7.6 0.04
4 0040+331 3C286 96 3.1x74 0.02
J0309+2717  03:09:47.49 +27:17:57.31 6.10+0.03 2 3 0318+164 3C48 101 5.4x8.0 0.06
4 0318+164 3C48 81 32x4.1 0.02
J0803+3138  08:03:05.42 +31:38:34.20  6.384 +0.004 3 3 0744+378 3C48 121 55%x13.8 0.04
4 0744+378 3C48 81 3.0x7.7 0.02
5 0735+331 3C147 101 1.8x3.0 0.02
J0912+6658  09:12:07.67 +66:58:46.45 5.62+0.02 4 3 0834+555 3C48 121 72x17.4 0.08
4 0834+555 3C48 112 3.1x123 0.02
5 0834+555 3C147 101 1.7x4.5 0.02
J1037+4033  10:37:58.17 +40:33:29.08 6.07+0.03 4 3 1006+349 3C48 101 5.1x14.1 0.08
4 1006+349 3C48 81 2.8x9.1 0.03
J1133+4814  11:33:50.41 +48:14:31.35 6.25+0.02 4 3 1145+497 3C48 70 5.1x14.9 0.05
4 1145+497 3C48 81 29x8.8 0.02
J1545+6028  15:45:52.09 +60:28:23.95 5.78+0.03 5 3 1449+632 3C48 121 45x9.3 0.05
4 14494632 3C286 118 33x52 0.02
J2201+2338  22:01:07.62 +23:38:37.87 5.83+£0.02 4 3 2251+188 3C48 141 53x122 0.04
4 2251+188 3C286 100 32x7.0 0.02
5 2251+188 3C48 45 1.8x3.6 0.02
J2336+1842  23:36:24.72 +18:42:47.98 6.6 +0.04 4 3 2251+188 3C48 141 54x12.0 0.04
4 2251+188 3C286 101 3.2x8.8 0.03
5 2251+188 3C48 45 1.8x2.9 0.03

Notes. The RMS noise level is given for the full band integration.

References. [1] Fan et al. (2004); [2] Belladitta et al. (2020); [3] Wang et al. (2019); [4] Gloudemans et al. (2022); [S] Wang et al. (2016).
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Fig. 1. Radio luminosities at 144 MHz versus spectroscopic redshift of
our selected sample and other known LOFAR detected quasars com-
piled by Gloudemans et al. (2021, 2022). Our sample probes some of
the brightest and highest redshift radio-loud quasars currently known at
low frequencies. The heavily obscured AGN COS-87259 is currently
the highest redshift radio-loud quasar known and has been detected
by LOFAR (Endsley et al. 2023). The two radio-loud quasars around
z ~ 6.1 (J14274+3312 and J1429+5447) have not been included in
our sample because their radio spectra have already been studied by
Shao et al. (2020, 2022), with J1427+3312 showing a turnover around
1.7 GHz rest-frame.

calibrator. We observed the phase calibrators (listed in Table 1)
for about five minutes during each sequence and observed the
targets between 45 and 141 min depending on the frequency
band and radio brightness of the source. The theoretical beam
sizes are 9”7, 5”, and 2" for band 3, 4, and 5, respectively (see
Swarup 1991).

We reduced the GMRT data using the software package
Source Peeling and Atmospheric Modelling (SPAM; Intema
2014a,b; Intema et al. 2017), which is based on the Astronomi-
cal Image Processing System (AIPS; Greisen 2003) python data
reduction scripts and includes direction-dependent calibration
and imaging. We followed the standard reduction procedure' and
split the wideband data into 6 subbands before calibration. Each
subband has a width of ~33, 50, and 60 MHz for band 3, 4, and
5, respectively. If available, we made a first image with the nar-
rowband data (band width 32 MHz) and used the Python Blob
Detector and Source Finder (PyBDSF; Mohan & Rafferty 2015)
to extract a source model. Subsequently, we used this source
model for the wideband data calibration. For the band 3 and 4
observations we did not include subband 6 (483 and 824 MHz
respectively) in the final image, because of the higher noise lev-
els caused by decreased efficiency of the reflecting surface of the
dishes at higher frequency. For the band 5 observations the root
mean square (RMS) noise of the subband 6 image was similar
to the other subbands and could therefore be included. Since our
quasars are faint (~1 mJy), we only investigate the subband flux
densities for the bright blazar J0309+2717 in Sect. 4.2.2. The
flux density scale was set by SPAM following the prescriptions
from Scaife & Heald (2012). Finally, we combined all wide-
band calibrated images using WSClean (Offringa et al. 2014)
and extracted the resulting source flux densities using PyBDSF.
The mean frequencies of our band 3, 4, and 5 images are 383,
675, and 1260 MHz, respectively. All quasars were detected in
each of the GMRT bands. The beam sizes and average RMS of
the resulting reduced images are summarised in Table 1. The
final images are shown in Appendix A.

! http://www.intema.nl/doku.php?id=huibintema: spam:

pipeline
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2.3. Archival radio data

All quasars in our sample have been detected in the LOFAR
Two-Metre Sky Survey second data release (LoTSS-DR2;
Shimwell et al. 2022) at 144 MHz, which covers over 5720 deg?
of the Northern sky at 6” resolution and with a median RMS
noise level of ~83ulybeam~'. To further increase our fre-
quency coverage, we used radio images of our quasar sam-
ple from the VLA FIRST survey at 1.4 GHz (Becker et al.
1994; ~0.1 mJy noise level), the Very Large Array Sky Sur-
vey (VLASS; Lacy et al. 2020) at 2—4 GHz (~0.12—-0.17 mJy
noise level), and the Rapid ASKAP Continuum Survey (RACS;
McConnell et al. 2020) at 887 MHz. Four of our quasars are
located within the FIRST footprint with 2 detections at >50
significance. VLASS covers our full sample with detections of
5 sources. The LoTSS-DR2, FIRST, and VLASS (epoch 2.1 and
2.2) images of our sources are also shown in Appendix A. For the
LoTSS-DR2 survey and the FIRST survey, we adopted the mea-
surements from the published catalogues. For the VLASS sur-
vey we have extracted the flux densities from the images using
PyBDSF. Six of our quasars are covered by RACS at 887 MHz
(and 25" resolution) with three detections at >50-. None of our
sources are resolved in RACS and their flux densities have been
determined using a single Gaussian fit with the Common Astron-
omy Software Applications (CASA; CASA Team 2022). We
have added an uncertainty of 10% of the flux density for each
of the flux density errors for all four surveys to account for sys-
tematics between the different datasets.

One of the quasars in our sample, J1133+4814, is located
within the footprint of the LOFAR LBA Sky Survey (LoLSS;
de Gasperin et al. 2023) DRI at 54 MHz and covering 650 deg?
of the HETDEX spring field. However, this quasar has a neigh-
bouring bright radio source at ~27” distance and the resolution
of LoLSS of 15” is not high enough to distinguish them.

3. Spectral modelling

Since the main goal of this paper is to investigate the radio spec-
tral energy distribution (SED) properties of these high redshift
quasars, in this section we detail the models used for fitting.
We consider both a simple power-law model and two types of
absorption models (FFA and SSA), which have been adopted
from Callingham et al. (2015) and are the two main models in
explaining the turnover in the spectra of radio sources. A simple
power-law can be produced by non-thermal synchrotron emis-
sion and is described by

— (07
S, =av?,

ey
with v is the frequency, a the radio spectral index, and a the
amplitude of the synchrotron spectrum.

3.1. Free-free absorption

FFA is caused by attenuation of emission by an internal or
external ionised screen, which can either be homogeneous
or inhomogeneous. Details of such models are outlined by
Callingham et al. (2015). These models assume that the radio
plasma produces a non-thermal power-law spectrum. In the case
of a homogeneous external screen, a foreground screen absorbs
the free electrons and the resulting absorbed spectrum is given
by

Ty

_ A —
S, =avie ™,
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with 7, = (v/v,)>! the optical depth and v, the frequency
at which 7, I and the source becomes optically thick. In
the case of an internal screen, the absorbing ionised medium
is mixed with the electrons that are producing the non-thermal
synchrotron emission. The spectrum can then be described as

o)

Finally, the homogeneous FFA can also show an exponential
break due to an ageing electron population. This model is given
by

1 _ e—TV

Ty

Sy

3

S, =avie e, 4)
with v, the break frequency. This formula is similar to Eq. (2)
apart from the additional factor ™/ that produces the high fre-
quency exponential cutoff.

3.2. Synchrotron self-absorption

As explained by Kellermann (1966), in the case of SSA the
turnover occurs when the source has a brightness temperature
higher than the plasma of non-thermal electrons. The turnover
frequency is then the frequency at which the electrons that emit-
ted the photons have the highest chance to absorb them again.
Assuming a homogeneous emitting region, the SSA model is

given by
“BDR2 e
ol )
Vp T
with
—(B+4)/2
e (1) , ©)
Vp

where @ = —(8 — 1)/2. We refer the reader to Callingham et al.
(2015) for a more detailed overview of these absorption models
and their physical mechanisms.

3.3. Fitting procedure

For the fitting procedure, we have used an invariant Markov
chain Monte Carlo (MCMC) approach as implemented by the
EMCEE python package (Foreman-Mackey et al. 2013). To deter-
mine the best fit, we calculated the 50th percentile for each
parameter (after 5000 iterations) and the 16th and 84th percentile
for the errors. To compare the model fits, we used the Bayesian
Information Criterion (BIC), which in the case of Gaussian dis-
tributed model errors is given by

BIC = y* + kInN, (7)
with y? the chi-square statistic, k the number of parameters, and
N the number of observations (see Kass & Raftery 1995). A dif-
ference between the BIC value of two model fits then gives either
no evidence (-2 < ABIC < 2), weak evidence (JABIC| > 2), or
strong evidence (JABIC| > 6) of one model being favoured over
the other.
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Fig. 2. Radio spectra of our sample of nine quasars observed with GMRT and including LoTSS-DR2, RACS, FIRST, and VLASS measurements.
Non-detections in the FIRST and VLASS survey are given as 30 upper limits. Each spectrum is well described by a power law with varying
spectral indices (indicated in the bottom left corner) and there is no evidence for a spectral turnover, except for J0309+2717 (see Sect. 4.2.2). The
upper x-axis indicates the rest-frame frequency. The flat or negative slopes of these spectra suggest a turnover below 1 GHz in rest-frame.

4. Results
4.1. Radio spectra

The resulting radio spectra are shown in Fig. 2 with the pur-
ple points showing the integrated flux densities at their observed
frequency with the rest-frame frequency indicated on the upper
x-axis. Upper limits (307) are given for the quasars that remain
non-detected in the FIRST, VLASS, and RACS survey. These
upper limits on the flux densities are in all cases higher than the
scatter around the power-law fit and therefore do not constrain
the fit. All spectra are fitted well by a simple power-law. How-
ever, in the case of J0309+2717, we are potentially probing the
onset of the spectral turnover, which is discussed in Sect. 4.2.2.
The resulting MCMC fits are shown by the red solid line in
Fig. 2 together with 100 randomly selected MCMC fits (red
dashed lines) to visualize the uncertainty in the fit. The spectral
indices span a large range of —1.6 to 0.06 with only one source
J1037+4033 having a positive spectral index, which is also con-
sistent with zero.

We find 3 quasars (J0O002+2550, J0803+3138, and
J2336+1842) that could be classified as ultra-steep spectrum

sources (@ < —1). A steep radio spectrum can be caused by
extended radio lobe emission or radiative losses caused by
for example ageing of the radio jet, which we will discuss
further in Sect. 6.1. We also find 3 quasars with a flat spectral
index (J0912+6658, J1037+4033, J1133+4814), which could
be potential blazars (see Sect. 6.1). The spectral indices of our
sample and literature quasars are shown in Fig. 3. Only a few
quasars at z > 5 have been discovered with ultra-steep spectra.
The other two literature quasars with @« < —1 around z ~ 5
were also discovered in Gloudemans et al. (2022). The steepest-
spectrum radio source J0002+2550, with @ = —1.6*0'19, was
initially discovered by Fan et al. (2004) in the Sloan Digital Sky
Survey without any radio selection. However, it was selected for
our follow-up observations because of its detection by LOFAR.

We note that some of the flux density measurements devi-
ate slightly from the power-law fit. These outliers are potentially
caused by flux density calibration issues and beam size varia-
tions, however, these are expected to fall within the 10% uncer-
tainty taken on all of the flux densities. Variability could also
play a role in the observed spectrum, since our observations are
not taken simultaneous (see e.g. Orienti et al. 2010). Especially
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Fig. 3. Radio spectral indices measured in this work versus spectro-
scopic redshift. The spectral indices of known quasars compiled by
Gloudemans et al. (2021, 2022) that are detected by LOFAR and either
FIRST or VLASS are plotted for comparison. The sources from Fig. 1
without radio spectral index measurements are excluded. Our sample
covers a wide range of spectral indices and contains 3 sources that could
be classified as ultra-steep spectrum sources (@ < —1.0).

blazars, like J0309+2717, are known to be highly variable on
short timescales (see Sects. 4.2.2 and 6.1). The observed vari-
ability is generally less extreme at low frequencies (<1 GHz;
Fan et al. 2007), however, since we are studying high-z sources,
we are still probing the rest-frame GHz emission and therefore
variability could have impacted the observed spectral shapes
and created potential outliers from the power-law fit. Finally,
the radio spectra could consist of multiple absorption compo-
nents (see e.g. Shao et al. 2022), however, more high- and low-
frequency observations are needed to investigate this.

Since we do not detect the turnover, we cannot constrain the
turnover peak with the absorption models discussed in Sect. 3 for
most of our sources. However, for J0309+2717 we can constrain
the spectral shape with additional published data as we discuss in
Sect. 4.2.2. The lack of peaked spectrum sources in our sample is
interesting, since this is somewhat in contrast with earlier results
found by Shao et al. (2022) and other high-z quasars, which will
be further discussed in Sect. 6.1. The power-law spectral indices,
integrated flux densities, and derived M s, Vvalues are given
in Table 2. To improve readability, the complete radio measure-
ments including peak flux densities are quoted in Appendix B.

4.2. Notes on individual sources

Here we discuss some of the individual quasars in our sam-
ple that have been discovered and/or studied previously in other
work.

4.2.1. J0002+2550

This quasar at z 5.80 was discovered by Fan et al. (2004)
from the Sloan Digital Sky Survey (SDSS; York et al. 2000;
Lyke et al. 2020) and its SED shape (from 0.1 to 80 um) has been
studied by Leipski et al. (2014), resulting in an upper limit on
the star formation rate (SFR) of <1.5 x 10* Mg yr~!. Our GMRT
observations show that it has a very steep radio spectrum of
a = —1.6f8:ig. The possible origin of the steep spectrum will
be further discussed in Sect. 6.1.
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4.2.2. J0309+2717

J0309+42717 is a blazar at z = 6.1 discovered by Belladitta et al.
(2020) and its radio, X-ray, and SMBH properties have been
studied in detail previously (e.g. Belladitta et al. 2020, 2022;
Spingola et al. 2020; Spingola, in prep.). The Very Long Base-
line Array (VLBA) observations conducted by Spingola et al.
(2020) resolve the radio jet at milliarcsecond (mas) resolution,
which reveals a one-sided jet with an extent of about 0.5 kpc
and shows multiple sub-components. The radio spectrum pre-
sented by Spingola et al. (2020) suggests a spectral index of
a = —0.98 £ 0.05 between 1 and 40 GHz. By including the data
points from 144 MHz, we find that the spectral index becomes
flatter (o = —0.51 £ 0.05) at lower frequencies.

A potential low-frequency turnover was suggested by
Spingola et al. (2020), who also observed a flattening of the
spectrum between 147 MHz and 1.4 GHz. To further investigate
the spectral shape we refitted the radio spectrum including the
VLBA and VLA measurements from Spingola et al. (2020) in
the left panel of Fig. 4 with the absorption models as described
in Sect. 3. The homogeneous FFA with a break due to an ageing
electron population gives the best fit to the spectrum with a
reduced y? of 0.6 and ABIC >6 with all other models (see
Table C.1). The best fitting model suggests the spectrum peaks
at 110*)0 MHz observed frame, which translates to 750*}% MHz
rest frame. The high-frequency break is indicative of radiative
losses (i.e. inverse Compton losses) from an ageing electron
population in the radio lobes (e.g. Jaffe & Perola 1973; Murgia
2003; Callingham et al. 2015). This high-frequency break was
also found by Spingola et al. (2020) at 14.5 + 0.5 GHz, however,
they conclude their broken power-law model is not a significantly
better fit to the data compared to their single power-law model.

The excess flux around 1 GHz as measured in the VLA-
L band could be due to variability since Spingola et al. (2020)
found an indication of 20-30% variability between 1.4 and
3 GHz, which is a typical blazar characteristic. The measured
flux density of our GMRT band-3 observation at 383 MHz is
lower than expected from the model fits. To further investigate
this we extract the flux densities from the six individual subband
images as shown with light purple points in Fig. 4 for both band 3
and 4. The integrated flux densities from band 4 follow the model
curve, however, for band 3 this is not the case. While we have not
been able to identify any problems due to the imaging process,
we nevertheless expect it might be caused by systematics. Lower
frequency observations at <100 MHz would help to pin down
the exact emission mechanism (see Spingola et al., in prep.). For
now, we conclude the turnover peak likely occurs between a fre-
quency of 90—330 MHz in observed frame and 0.6—-2.3 GHz in
rest-frame.

Furthermore, Belladitta et al. (2022) studied its near-infrared
(NIR) spectrum using the Large Binocular Telescope and
deduced a high SMBH mass of 1.45*8% x 10° M. This SMBH
mass challenges existing models of SMBH growth in the early
Universe.

4.2.3. J0803+3138

This quasar at z = 6.384 has been discovered by Wang et al.
(2019) using the DESI Legacy Imaging survey and UKIRT
Hemisphere survey. NIR spectroscopcic follow-up observations
with Gemini/GNIRS by Yang et al. (2021) show that it also has
a high SMBH mass of 1.40 + 0.18 x 10° M and M 5,4 of
—26.49. According to our radio observations, this source can also

: : — +0.16
be classified as steep spectrum with @ = —1.127 2.
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Table 2. Measured integrated flux densities from GMRT observations and the LoTSS-DR2, RACS, FIRST, and VLASS surveys.

Source name  Redshift a S144MHz S383 MHz S675MHz S1260 MHz S887 MHz S1.4GHz S3GHz M504 Ref.
J0002+2550 5.80 +£0.02 -1 6:'8}2 1.33+0.37 0.33+0.1 0.15+0.05 - - - - -27.66 1
J0309+2717 6.10 + 0.03 —0.51f8:8‘5‘ 66.5+7.1 408+43 377+39 - 356+4.0 239+33 13.7+1.6 =251 2
J0803+3138 638 +0.0 —1.12*01% 13+0.32 038+0.1 03£0.06 0.14+0.05 - - - -2649 3
J0912+6658 5.62 + 0.02 —0‘23f8:i$ 1.23 £0.26 047 +0.17 0.63+0.1 0.79 +£0.12 - — 09+034 -2643 4
J1037+4033 6.07 + 0.03 006fg}% 8.16 £ 0.97 494 +0.63 6.17 = 0.67 - 928 +1.42 942+1.09 105+13 -2525 4
J1133+4814 6.25 +0.02 _0'21t8:83 4.67+0.79 348 +044 2.79 +0.31 - - 323+£046 2.69+0.63 -250 4
J1545+6028 5.78 +0.03 —0.79f8z:6 0.87 £0.24 048 +0.17 0.29 +0.07 - - - - -27.37 5
J2201+2338 5.83 +0.02 —0.51i8:8; 36+0.73 232+03 223+0.26 1.33+0.17 1.78 +0.55 - 0.67 £0.27 -26.24 4
J2336+1842 6.60 + 0.04 —1.22f8:(1)g 1.42+0.53 028 +0.1 0.18+0.07 0.19 +£0.08 - - - -2432 4

Notes. All integrated flux densities are in units of mJy with an added 10% uncertainty on the flux density errors. The spectral index « is determined
from the power-law fitting routine. The literature references for the UV magnitudes M5, 4 of each source are indicated in the final column.
References. [1] Fan et al. (2004); [2] Belladitta et al. (2020); [3] Yang et al. (2021); [4] Gloudemans et al. (2022); [5] Wang et al. (2016).
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Fig. 4. Radio spectra of J0309+2717 (left) and J172+18 (right) including reported literature radio flux density measurements. Left: the GMRT
subband flux densities of the band 3 and 4 observations are shown in light purple. The VLBA and VLA measurements have been provided by
Spingola et al. (2020). The dashed, dash-dotted and dotted line show the best fitting homogeneous SSA, homogeneous FFA, and internal FFA
models, respectively. The homogeneous FFA with a break due to an ageing electron population (grey line) gives the best fit to the spectrum with a
reduced y? of 0.6 and ABIC > 6 compared to all other models. Randomly selected MCMLC fits are shown in light grey to visualize the uncertainty
in the model fit with the parameters given in Table C.1. The bottom plot shows the residual of the homogeneous FFA model with a break. Right:
the VLA-L and -S observations have been conducted by Bafiados et al. (2021) and the VLBA observations by Momjian et al. (2021). Upper limits
are given for the LOFAR at 144 MHz and the VLBA observations at 4.67 and 7.67 GHz. Due to a limited number of data points between 150 MHz
and 1 GHz the absorption models remain unconstrained. However, we can conclude that the spectrum likely peaks between 0.25 and 1.3 GHz
(rest-frame 2—10 GHz), meaning it can be classified as a GPS source. Again the residuals are shown in the bottom panel.

4.2.4. J1037+4033

J1037+4033 is the only quasar from our sample with a slightly
positive (but consistent with zero) spectral index (@ = 0.06f8:}§).
Therefore, it could be turning over at >3 GHz (rest-frame
>21 GHz) instead of below 144 MHz. This would make it a
potential HFP source, which are generally thought to be young
(e.g. Dallacasa et al. 2000). More GHz-frequency observations

(using for example the VLA or VLBA) or ultra-low frequency
observations (<50 MHz) are necessary to confirm this.

4.2.5. J1545+6028

This quasar at z = 5.78 has been discovered by Wang et al.
(2016) using an SDSS-WISE quasar selection. They report a
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M 450 4 value of —27.37. No further NIR spectrum and derived
SMBH mass have been published so far.

4.2.6. J2336+1842

This quasar at z = 6.6 is part of the sample recently discov-
ered by Gloudemans et al. (2022) and is the highest redshift
source in our GMRT observing campaign. The flux density of
this quasar is close to the detection limit in GMRT band 4 and
5. According to our fitting routine it can be classified as a steep
spectrum source with @ = —1.22*0' 1% even though the band 5
integrated flux density is higher than expected. Deeper observa-
tions (RMS < 0.02 mJy) in the GHz regime are needed to confirm
the spectral slope.

5. Peaked spectrum quasar at z=6.8

One of the highest redshift radio-loud quasar to date is J172+18
at z = 6.82, which was discovered by Bafiados et al. (2021).
It has been observed previously in the VLA-S and L-band
(Banados et al. 2021) and the VLBA at 1.53,4.67, and 7.67 GHz
(Momyjian et al. 2021). The VLA-S and L-band observations
show a steep negative spectral index of @ = —-1.31 + 0.08,
but the VLBA observations do not detect the quasar with a
30 upper limit of 52 and 61 wWJy at 4.67 and 7.67 GHz, respec-
tively. As mentioned in Gloudemans et al. (2021), the measured
flux density of this quasar is close to the detection limit of the
LoTSS-DR2 survey at 144 MHz with a ~30 tentative detec-
tion of 0.33 +0.12mJy beam™! and therefore J172+18 is likely
a peak spectrum source. It has also been detected in the FIRST
survey at 1.4 GHz with a flux density of 1.02 +0.14 mJy, how-
ever, Banados et al. (2021) measures 0.85 +0.14 mJy, which we
adopt in this work.

The radio spectrum of J172+18 is shown in the right panel
of Fig. 4. To constrain the spectral shape, we again fit the FFA
and SSA models to the available flux measurements as described
in Sect. 3. We correct the LOFAR peak flux measurement to a
total flux density by multiplying by a factor of 1.3, which is the
average correction for unresolved sources in LoTSS-DR2 (see
Gloudemans et al. 2021). There is no evidence that any of these
models is favoured over the others (JABIC| < 0.5; see Table C.1).
The spectrum does potentially flatten after the turnover, which
has been observed before by Callingham et al. (2017) for an ultra-
steep spectrum source at z = 5.19. The VLBA non-detection at
4.67 GHz can potentially be explained by radiative losses from
an ageing electron population causing a break at high frequency
similar to J0309+2717 (see Sect. 4.2.2). Again, due to the limited
number of radio detections, the model fits are not well constrained.
Therefore, we can only conclude that the radio spectrum of
J172+18 likely peaks between 0.25 and 1.3 GHz in the observed
frame, which translates to 2—10 GHz in rest-frame. J172+18 can
therefore be classified as a GPS source (as suggested also by
Momjian et al. 2021). Future GMRT band-3 and 4 observations
could further constrain the peak frequency.

6. Discussion

Our GMRT observations of 9 radio-bright quasars at z > 5.6
have led to the discovery of 3 ultra-steep spectrum sources,
3 flat-spectrum sources, 2 moderate steep spectrum sources,
and 1 potential PS source. The lack of turnovers in these spec-
tra indicates there is no strong SSA or FFA absorption in the
observed frequency range. These results highlight the diversity
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of radio spectral shapes of the high-z radio-loud quasar popu-
lation. A detailed study of their radio properties will be cru-
cial for the planning of future radio surveys (e.g. the SKA), to
ensure maximising the number of detections and to be able to
create automated methods to characterise all of these sources. In
this section, we further discuss our findings, the lack of turnover
spectra (apart from J0309+2717), and the linear size limits that
can be placed based on the available observational data.

6.1. Radio spectral shapes

Generally, the radio spectra of quasars consist of flat spectrum
emission from the core and steep spectrum emission from the
radio jets and lobes, if these exist, with absorption effects fur-
ther altering the spectral shape. The flat radio spectrum from the
core can be attributed to source inhomogeneity with different
parts of the compact core region becoming optically thick due
to SSA at different wavelengths and hence flattening the inte-
grated radio spectrum. A steep spectrum will be produced by the
radio jet and lobes which grow over time and potentially suffer
from radiation losses when the active nucleus no longer supplies
energetic electrons to the part of the jet where the radio emission
originates from (e.g. Jaffe & Perola 1973). According to the uni-
fication model, the orientation of the AGN impacts whether the
observed emission is dominated by this core or lobe emission.
The absorption phase of an AGN, causing a turnover in the spec-
trum, is thought to be very short (<1 Myr) with the radio lobes
of the PS sources observed to be small (<20 kpc).

The fact that quasars are generally observed to have com-
pact morphologies (<10kpc) and flat radio spectra (@ ~
—0.3), whereas radio galaxies have more extended radio lobes
(>20kpc) and steep spectra (@ < —0.5; see e.g. Kameno et al.
1995; Miley & De Breuck 2008; Tadhunter 2016; Saxena et al.
2017), can be explained as an orientation and selection effect. In
this work, our sample is selected to be bright at low frequencies
and therefore we are biased towards steep spectrum sources and
against sources with a turnover. High-frequency studies on the
other hand are biased towards flat spectrum sources and there-
fore combining different selections is key to probe the overall
population of radio quasars. There is a subclass of steep spec-
trum radio quasars (SSRQs) that tend to be lobe-dominated (e.g.
Urry & Padovani 1995; Athreyaetal. 1997; Liuetal. 2006).
Our 3 discovered ultra-steep spectrum sources are therefore
likely also dominated by lobe emission with potentially radia-
tive losses from aged material further steepening the spectrum.

The three flat-spectrum sources we find (JO912+6658,
J1037+4033, J1133+4814) could potentially be blazars (like
J0309+2717), which have their relativistic jets oriented along
the line of sight, making them extremely bright sources (e.g.
Urry & Padovani 1995). Because of their specific jet orienta-
tion, blazars can be used to efficiently trace the space den-
sity of the quasar population over cosmic time, which makes
their identification useful (e.g. Ghisellini et al. 2010). Blazars
are furthermore known to be highly variable in nature on
timescales of hours to days (e.g. Ulrich etal. 1997), which
could again be problematic for constraining their radio spectra
in this work as mentioned in Sect. 4. Especially J1037+4033
and J1133+4814 are exceptionally radio-loud with R-values of
1100 £ 300 and 360 + 100, respectively (see Gloudemans et al.
2022). J1133+4814 (also called P173+48) has also been identi-
fied as a blazar candidate by Bafiados et al. (2023), who find both
a flat spectrum and variability. Follow-up radio monitoring and
X-ray observations are necessary to confirm the blazar nature of
these quasars.
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Table 3. Deconvolved 30 size upper limits (except for J0309+2717).

Source name DC 30 uplim Survey Size limit
(arcsec) (kpc)

J0002+2550  3.58x0.45 GMRT-4 21
J0309+2717 0.0128 x0.0076 VLBA 1.5 GHz V) 0.5
JO803+3138 1.6 x1.7 GMRT-5 9
J09124+6658  2.15x1.05 VLASS 13
J1037+4033 1.16 x0.4 VLASS 7
J1133+4814  391x2.18 VLASS 22
J15454+6028  4.45x%2.73 GMRT-4 26
J2201+2338 1.58x1.09 VLASS 9
J2336+1842 243%2.0 GMRT-5 13

Notes. The size upper limits have been obtained using the highest
resolution available observations with a significant source detection.
(DVLBA measurements from Spingola et al. (2020).

A previous study from Shao et al. (2022) found nine quasars
at 5.0 < z < 6.1 with spectral turnovers in the GHz regime.
At lower redshift Sotnikova et al. (2021) classified 46% of their
sample of 102 quasars at 3 < z < 5 as peaked-spectrum
sources between 1.2—22 GHz and Krezinger et al. (2022) found
2 peaked spectrum sources in their sample of 13 quasars at
4.05 < z < 4.47 between 0.15 and 10.6 GHz. As discussed
in Sect. 5, there is evidence for a turnover in the radio spec-
trum of J172+18 and potentially J0309+27. However, we do not
find any evidence for a turnover for the other 8/9 quasars in our
sample in a similar frequency range. In the ‘young’ scenario the
absorption phase is thought to be only short-lived, therefore our
lack of turnovers could suggest the AGN in our quasars have
been on for a longer period of time. This would suggest large
linear radio jet sizes, which we investigate further in Sect. 6.2.
The ‘frustration’ hypothesis suggests that the spectral turnover is
caused by a dense environment, with a lower turnover frequency
suggesting a lower density environment. Therefore, our quasars
could be situated in low density environments, causing a lower
frequency turnover. However, we emphasize, that by selecting
bright sources at low frequencies we are biased against turnover
sources and with this data we cannot constrain the turnover fre-
quency and absorption models.

Follow-up ultra-low frequency observations will be neces-
sary to further constrain the turnover frequencies of the sample
in this work. The LoLSS survey at 54 MHz (378 MHz at z = 6)
and ~1 mJybeam™' noise level should be able to detect or set
a 3¢ limit on the turnover for 7/9 of our quasars, assuming the
measured spectral indices. The LOFAR Decameter Sky Survey
(LoDeSS; Groeneveld et al., in prep.) will go even lower in fre-
quency with ~10 mJy beam™! noise level at 22 MHz (154 MHz
at z = 6), however, since our sources are generally faint, the
LoDeSS survey will only be able to further constrain the spec-
tral shape of J0309+2717.

6.2. Linear sizes

All of our sources are unresolved in the LOFAR, GMRT, and
VLA observations and therefore we can only place upper lim-
its on their physical sizes (except for J0309+2717, which has
been observed with the VLBA). For each quasar we use the
highest frequency radio detection and the deconvolved FWHM
of the major axis of the source as determined by PyBDSF and
their uncertainties to get an 30~ upper limit on their sizes. The

~N
I O Keim+2019
E @9 @ This work
> Y% J0309+2717
S 1041 O J172+18
S o @ )1429+5447
o Qo o O Shao+2022
fra
g ° LOFAR'VLBI
>
© 1034 4-U'T o
5
|_
(]
£ LoLSS
O o 0 ). G I
w1024 LoDeSS
0
o r T T

1072 1071 100 102

Linear Size (kpc)

Fig. 5. Linear sizes versus rest-frame turnover frequency for the quasars
in our sample, J172+18, and the 10 high-z quasars from Shao et al.
(2022). The grey points show low-redshift (z ~ 0.1-2) peaked spectrum
sources from Keim et al. (2019), which follow a tight relation given by
the black solid line (see Keim et al. 2019). Apart from J0309+2717, we
have only upper limits on the linear sizes of the quasars in our sam-
ple and their turnover frequencies. Five of the quasars from Shao et al.
(2022) have been observed at mas resolution with the VLBA and three
of them have size measurements, which seem to follow the low-z rela-
tion. The solid and dashed grey lines show the frequencies of the LoLSS
and LoDeSS survey, respectively, and the black open circles the res-
olution of the LOFAR VLBI and VLBA at 150 MHz and 1.6 GHz
(observed frame).

derived size upper limits are summarised in Table 3. As dis-
cussed in Sect. 4.2.2, the resolved jet properties of J0309+2717
have been investigated by Spingola et al. (2020) and they find
this quasar has a bright one-sided jet extended for ~0.5 kpc. Fur-
thermore, as discussed in Sect. 5, J172+18 has been observed
with the VLBA by Momjian et al. (2021), which resulted in a
linear size measurement of 52 pc. The upper limits on the sizes
of the quasars in our sample and the rest-frame turnover frequen-
cies (144 MHz shifted to rest-frame) have been plotted in Fig. 5,
together with the measurements of J0309+2717 and J172+18.
We note that the VLBA observations potentially resolve out dif-
fuse radio lobe emission, in which case the size measurement is
of the inner jet, which cannot be directly compared to extended
radio lobe sizes from our low-frequency observations. At low-
redshift (z = 0.1-2) a relation between the linear size and
turnover frequency has been established by Keim et al. (2019)
and Orienti & Dallacasa (2014). We plot this relation also in
Fig. 5 as given by Keim et al. (2019).

We also plot the 10 quasars between 5.0 < z < 6.1 stud-
ied by Shao et al. (2022) including J1427+3312, which is also
very bright at low frequencies (see Sect. 2.1). Five of them have
been observed previously at mas resolution (see Momjian et al.
2003, 2008; Frey et al. 2005, 2010; Gabanyi et al. 2015) with
three of them having resolved size measurements. For the other
5 quasars, we used the beam size from the VLA X-band observa-
tions from Shao et al. (2022) as an upper limit on the linear size.
Their results show that an inhomogeneous FFA model can accu-
rately describe their observed spectra and therefore we use those
peak frequency measurements in Fig. 5. Only one quasar in their
work did not show direct evidence for a turnover (J2228+0110)
and this source is plotted with an upper limit for the turnover fre-
quency (<10 GHz rest frame). Its linear size of ~10 pc is adopted
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from Cao et al. (2014), who conducted European VLBI Net-
work observations. We also plot the upper limits for J1429+5447
at z = 6.2, which has been studied by Shao et al. (2020) and
Frey et al. (2011). Similar to J1427+3312, this quasar is bright at
low frequency, but did not show evidence of a turnover between
120 MHz and 5 GHz observed frame in Shao et al. (2020) and
its linear size has been determined to be <100 pc by Frey et al.
(2011). Besides J1429+5447, the few measurements of high-z
quasars seem to be in agreement with the established relation at
low-z. Finally, we also indicate the turnover frequencies probed
by the LoLSS and LoDeSS survey at z = 6.

If the relation from Keim et al. (2019) holds at high-z, it
would suggest the quasars in our sample are expected to have
relatively large linear sizes (~0.5-30kpc) and low turnover
frequencies (~0.1-1GHz rest-frame). However, with current
observations we are unable to confirm the large linear sizes and
low frequency turnovers. Future follow-up high-resolution radio
observations are needed to constrain the sizes, using for example
the VLBA which can reach mas resolution at GHz frequencies
(e.g. ~10mas at 1.6 GHz; 57 pc at z = 6). At lower frequen-
cies, LOFAR VLBI can achieve a resolution of 0.3”” at 150 MHz
(~1.7kpc at z = 6; see Fig. 5).

7. Conclusion

In this work, we have conducted GMRT observations of a sam-
ple of nine of the highest redshift quasars that are bright at low
frequencies to model their radio spectra and constrain their emis-
sion mechanism. We did not find any evidence of a spectral
turnover in our sample, except for J0309+2717, which implies
we do not detect any strong FFA or SSA absorption in their spec-
tra. The spectrum of J0309+2717, including additional VLBA
data, shows a potential turnover at 0.6—2.3 GHz rest-frame with
a high frequency spectral break, which could be indicative of
radiative ageing of the electron population in the radio lobes. The
spectral indices of our sources are in a wide range and vary from
—1.6 to 0.06. We identify three quasars with ultra-steep spectra
(@ < —1), which could be due to their orientation (making them
radio lobe dominated) or radiative losses by for example ageing
of the radio jet. Two of these ultra-steep spectrum quasars have
been discovered in purely optical and near-infrared surveys, but
one of them required a LOFAR detection in the selection process
(J2336+1842 at z = 6.6), thereby biasing the sample towards
brighter objects at low frequencies.

Furthermore, we also model the spectrum of J172+18 at
z = 6.8, which is only tentatively detected by LOFAR at
144MHz and shows evidence for a turnover between 2 and
10 GHz rest-frame according to our model fitting and can there-
fore be classified as a GPS source. To investigate the relation
between linear size and rest-frame turnover frequency, we deter-
mine upper limits on the sizes of the radio jets and turnover fre-
quencies, with J0309+2717 having an extended jet of ~500 pc as
measured by Spingola et al. (2020). Compared to other known
quasars at z > 5, the quasars in our sample are expected to
have lower turnover frequencies (<1 GHz rest-frame). If the rela-
tion found previously at low-redshift holds, this would indi-
cate that the quasars in our sample have relatively extended
radio jets (~0.5-30kpc). Future ultra-low frequency observa-
tions (<50 MHz) with for example LOFAR and high-resolution
follow-up observations with for example the VLBA are neces-
sary to measure their radio jet sizes and constrain their spec-
tral turnover, which will also allow for us to distinguish among
various radio emission and absorption mechanisms. This work
highlights the diversity of the radio spectral shapes of the high-z
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quasar population. Further characterising them using the next-
generation radio interferometers will be important for the plan-
ning of radio surveys, as well as understanding the physics of
radio emission from quasars in the very early Universe.
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Appendix A: Radio images

Figure A.1 and A.2 show the LoTSS-DR2, GMRT, RACS,
FIRST, and VLASS images for each of the nine quasars in
our sample. All quasars have been detected in LoTSS-DR2 and
our GMRT follow-up observations, however, they are not all
detected in FIRST and VLASS.
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6€IF8LTL 8SIFIL'EL 9TEF68'ET 9TEFO68'ET IV EFIOTE  S6'EFLSCE - - 9CEFEECE  CYEFEL'LE 16°CFLY'BE  €PFEROP  CSSFSOVS  SO'LFCS99  LILTH60L0L
- - - - - - - - Y0'0F61°0  SO0FSI'0  LOOFSEOD  T'OFEE0  SI'0FER0O  LEOFELT  0SSTH+CO00r
yeadzHDEG ZHDEG yeodzHOY'1G  zHOY'Ig  YeadZHWLS8g  ZHINLS8g  YRdZHWO9ZIG  ZHWO09TIG  YeddZHWSL9g  ZHWSL9g  YeadZHIWeseq  ZHNESEg  YedZHWwplg  ZHWPPIG  oweu 90Inos

The extracted integrated radio flux densities and peak brightness

are given in Table B.1.
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Appendix C: Spectral modelling shown in Fig. 4 and the spectral modeling parameters are given

As discussed in Sect. 4.2.2 and 5, we fitted FFA and SSA absorp- in Table C.1.
tion models to JO309+2717 and J172+18. The resulting fits are

Table C.1. Spectral model fitting parameters of J0309+2717 and J172+18.

a a v, (MHz) B vy (MHz)  BIC
J0309+2717
Homogeneous FFA —0.97f8z8§ 300002888 17038 220
Homogeneous SSA 17010 210710 2.92+0%% 260
Internal FFA —0.98:'8:8% 330002388 3001’%8 190
Homogeneous FFA + break —0.67”_’8:82 3000f2é8 1 10”_’;8 280003?88 89
J172+18
Homogeneous FFA —1.27*509 5900*3590 260500 8.2
Homogeneous SSA 3.5%4 3802 3.8+0¢ 8.4
0. 30000 290
Internal FFA -1 .55:’0.(1); 57000% 5,050 1100570 7.9

Notes. The model and fitting routine are specified in Sect. 3. The parameters are: the spectral index « of the synchrotron spectrum, the amplitude
a of the initial synchrotron spectrum, the peak frequency v, in the observed frame, the power law index of the electron energy distribution (3, the
break frequency v, and the Bayesian Information Criterion for each model fit.
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